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The thermodynamic properties of siRNA duplexes are important for their silencing activity. siRNAs
with high thermodynamic stability of both the central part of the duplex and in the whole, usually
display low silencing activity. Destabilization of the central part of the siRNA duplex could increase
its silencing activity. However, mismatches located in the central part of the duplex could substan-
tially decrease the amount of RNAi efﬁcacy, hindering active RISC formation and function. In this
study, we examined the impact of duplex destabilization by nucleotide substitutions in the central
part (7–10 nt counting from the 50-end of the antisense strand) of the nuclease-resistant siRNA on its
silencing activity.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
RNA interference (RNAi) is a cellular mechanism of sequence-
speciﬁc post-transcriptional gene silencing by small interfering
RNAs (siRNAs) [1]. Classical siRNAs are short (21–23 nt in length)
dsRNAs with 2 nt 30-overhangs [2–4]. Levels of silencing activity
of a siRNA targeted different region of the same mRNA vary signif-
icantly [5–7]. It has been established that thermodynamic proper-
ties of the siRNA duplex are critical for its silencing activity [8,9].
siRNAs with a less thermodynamically stable duplex at the 50-ter-
minal region of the antisense strand are usually more active than
siRNAs with an opposite thermodynamic asymmetry or with ther-
modynamically symmetrical duplex [9,10]. A low thermodynamic
stability of the central part of the duplex (9–14 nt counting from
the 50-end of the antisense strand) is also a hallmark of active siR-
NAs [5,9]. It is assumed that this feature enables the formation of a
favorable conformation for mRNA cleavage and facilitates dissoci-
ation of the ‘‘guiding’’ strand after cleavage, thus allowing the acti-
vated RISC to act catalytically [9]. A relatively low thermodynamic
stability of the duplex could also increase the dissociation rate dur-
ing RISC activation.
Computational algorithms for the selection of active siRNA se-
quences based on their thermodynamic properties are availablechemical Societies. Published by E
nolovskaya).[7,11,12]; however, the nucleotide sequence of mRNA-target may
not comply with the requirements for ‘‘good’’ siRNA. This problem
can arise when the target is a chimeric or point-mutated gene, or a
gene belonging to a highly homologous family of genes. Since in
the latter two cases, it is not possible to move the siRNA target se-
quence to a more favorable region within mRNA. The only way to
resolve this problem is to introduce mismatches in the siRNA se-
quence to achieve the desired thermodynamic stability and asym-
metry of the duplex. It is well documented, that mismatches in
different parts of a siRNA molecule can affect either the efﬁciency
of target recognition, the efﬁciency of cleavage reaction [13,14], or
can switch the mechanism of action from siRNA-directed target
cleavage to miRNA-like gene silencing [15,16]. In our previous
work, we presented an experimental algorithm for the rational de-
sign of nuclease-resistant siRNAs [17] and applied the developed
algorithm for the design of nuclease-resistant ‘‘fork’’-like siRNAs
[18]. We demonstrated both that selective modiﬁcation protects
the imperfect duplex from accelerated degradation by serum ribo-
nucleases and that the correction of duplex thermodynamic asym-
metry enhances the silencing effect. Utilization of a combination of
these approaches allowed us to design anti-MDR1 siRNAs that pro-
vided a record of 12–15 days inhibition after a single application
[18].
Here we compared the biological activity of siRNAs destabilized
by varying amounts of mismatches introduced to the central part
of the duplex with the activity of the conventional siRNA. In order
to protect the siRNAs from cellular nucleases the algorithm for thelsevier B.V. All rights reserved.
Table 1
Sequences of siRNAs used in this study.
Target (No. M14758) siRNA Sequencesa Tm (C)
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duplexes was applied [17]. We found that siRNA with three GU
wobble pairs formed by nucleotide substitutions in the antisense
strand targeted to Multiple Drug Resistance (MDR1) mRNA sup-
pressed the chimerical EGFP/MDR1 gene in HEK 293 cells and de-
creased the level of P-glycoprotein in human carcinoma KB-8-5
cells more effectively than conventional siRNA. The biological
activity of other studied ‘‘mismatched’’ siRNAs was lower or com-




















No siScr 50-CAAGUCUCGUAUGUAGUGGUU-30 –
30-UUGUUCAGAGCAUAUAUCACC-50
a 20-O-Methyl-modiﬁed C, A, U, G nucleotides are underlined, mismatches and
wobble GU pairs are presented in bold italics.2. Materials and methods
2.1. siRNA synthesis and duplex annealing
The sequences of siRNA duplexes used in the study are listed in
Table 1. siRNA-Scr with no signiﬁcant homology to any known
mRNA sequences from mouse, rat or human was used as a control.
Modiﬁed siRNAs were synthesized on an automatic ASM-800 DNA/
RNA synthesizer (Biosset, Russia) using ribo- and 20-O-methylribo
b-cyanoethyl phosphoramidites (Glen Research, USA). After stan-
dard deprotection, oligoribonucleotides were puriﬁed by denatur-
ing polyacrylamide gel electrophoresis (PAGE) and isolated as
sodium salts. siRNA duplexes were annealed at 10 lM in an
annealing buffer (100 mM potassium acetate, 30 mM HEPES–
KOH, pH 7.4, 2 mM magnesium acetate) and stored at 20 C.
Melting temperatures (Tm) of siRNA duplexes were measured using
Cary BioMelt 300 (Varian, USA).
2.2. Cell cultures
Human HEK 293 cell line was obtained from the Institute of
Cytology Russian Academy of Sciences, St. Petersburg, Russia. Mul-
tiple drug resistant human cell line KB-8-5 growing in the presence
of 300 nM vinblastine was generously provided by Prof. M. Gottes-
man (NIH, USA). The cells were grown in Dulbecco’s modiﬁed Ea-
gle’s medium (DMEM) or Iscove’s modiﬁed Dulbecco’s medium
(IMDM) supplemented with 10% fetal bovine serum (FBS), 100 U/
ml penicillin, 100 lg/ml streptomycin and 0.25 lg/ml amphoteri-
cin at 37 C in a humidiﬁed atmosphere containing 5% CO2/95% air.
2.3. Gene silencing assay
HEK 293 cells in an exponential phase of growth were plated in
12-well plates at a density of 3.5  105 cells/well 1 day before the
experiment and co-transfected with plasmid and siRNA using Lipo-
fectamine 2000 (Invitrogene, Carlsbad, CA) according to the manu-
facturer’s protocol. The plasmid pEGFP/MDR1 containing the
fragment of MDR1 gene fused to the EGFP gene [17] was used in
the research. The level of EGFP ﬂuorescence in the cells was exam-
ined 24 h after transfection by ﬂow cytometry. Brieﬂy, HEK 293
cells were trypsinized, ﬁxed in 2% formaldehyde in phosphate-buf-
fered saline and analyzed using a Cytomics FC 500 (Beckman Coul-
ter, USA) ﬂow cytometer (excitation wave length 488 nm, emission
530 ± 30 nm). Twenty thousand cells from each sample were ana-
lyzed using Cytomics FC 500 CXP software (Beckman Coulter, USA).
The mean value of cell ﬂuorescence intensity normalized to that of
cells transfected with scrambled siRNA was used for data presenta-
tion. Untransfected cells were used as a control. Values of IC50 were
calculated using OriginPro 8 program (OriginLab Corporation,
USA).
2.4. Western blotting
KB-8-5 cells in an exponential phase of growth were plated in
24-well plates (0.4  105 cells/well), 24 h later the cells were trans-fected with siRNA using Oligofectamine (Invitrogene, Carlsbad, CA)
according to the procedure recommended by the manufacturer.
Three days post-transfection, the culture medium was removed
and the cells were lysed in 80 ll of Sample buffer (Sigma–Aldrich,
USA). Twenty microliters of each sample was loaded on a 10% so-
dium dodecyl sulfate (SDS)/acrylamide gel and separated at
60 mA for 1 h. The proteins were transferred from acrylamide gel
to PVDF membrane (Millipore, USA) then the membrane was
blocked overnight in 0.5% non-fat dried milk in 0.05 M Tris–HCl,
0.15 M NaCl, 0.1% Tween 20, pH 7.5 (buffer B). Incubation with
monoclonal anti-P-glycoprotein and anti-b-actin antibodies (Sig-
ma–Aldrich, USA) at 1:3000 and at 1:6000 dilutions, respectively,
was performed for 1 h. After washing in buffer B, membranes were
incubated with secondary rabbit anti-mouse antibodies conjugated
with alkaline phosphatase (Invitrogen, USA) for 30 min. Chromo-
genic detection was performed using Western Blue Stabilized Sub-
strate for alkaline phosphatase (Promega, USA). The reaction was
stopped by rinsing the membrane with water. Human b-actin pro-
tein was used as an internal control. Data were analyzed using Gel-
Pro 4.0. program (Media Cybernetics, USA).
3. Results
3.1. Design of siRNAs and Tm determination
In order to investigate the inﬂuence of destabilization of the
central part of the siRNA on its silencing potential, we introduced
mismatches in the sense or antisense strand of the duplex. In the
ﬁrst case, destabilization takes place only in the initial siRNA and
can inﬂuence RISC formation and passenger strand cleavage and
dissociation. In the second case, mismatches also effect the interac-
tion between activated RISC and the target mRNA. siRNAs used in
the study are listed in Table 1. The sequence of conventional siRNA
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silencing activity, contains four GC pairs in the center of the duplex
(7–10 nucleotides from the 50-end of antisense strand), and the du-
plex is characterized by total high thermostability (Tm 84.5 C).
Upon RNA interference the mRNA target is cleaved at the phospho-
diester bond, located between 10 and 11 nucleotides counted from
the 50-end of the antisense strand. The reason being that those du-
plexes under the study with three or four substitutions in which
nucleotides harboring this bond are involved in the formation of
perfect complementary complex (duplexes with three mis-
matches) or located in the destabilized region. Two types of substi-
tutions were used: mismatches stabilized by one (if any) hydrogen
bond, which cause signiﬁcant destabilization and distortion of the
duplex structure, and nucleotide substitutions which resulted in
the formation of GU wobble pairs (two hydrogen bonds) which
are only less stable than the classical AU pairs [19,20]. siRNAs with
a destabilized central part of the duplexes were designed as fol-
lows: siE/3AC and siE/4AC with three and four AC mismatches,
formed as a result of three or four G? A substitutions at positions
11–13 or 10–13 of the sense strand, respectively; siE/3GU, siE/4GU
and siE/3GA with three or four GU wobble pairs or three GA mis-
matches, respectively, resulted from nucleotide substitutions at
positions 8–10 or 7–10 of the antisense strand. To check the inﬂu-
ence of GU pairs in siRNAs with different silencing potential we se-
lected three additional sequences targeted to different regions of
MDR1 mRNA (Table 1): the sequence of conventional siA that dis-
played low silencing activity, contains GCGGCC motif at positions
6–11 of the antisense strand; the sequences of siB (average activ-
ity) and siC (high activity) contains three GC pairs at positions 7–
9 of the antisense strand. siA/3GU, siB/3GU and siC/3GU resulted
from three substitutions in the antisense strands, siA/3UG resulted
from three substitutions in the sense strand were used as examples
of siRNA with three GU pairs in the central region of the duplex. All
siRNAs under the study (Table 1) contained 20-O-methyl modiﬁca-
tions (modiﬁed nucleotides are underlined) in CpA, UpA and UpG
nuclease sensitive motives identiﬁed earlier as primary sites of
nuclease attack [17].
In order to evaluate the effect of mismatches on the stability of
the siRNAs, we measured the melting temperatures of the type E
duplexes (Table 1). The data shows, that three or four nucleotide
substitutions substantially decreased the siRNA stability: DTms
varied from 20 to 32 C (see Table 1) depending on the type and
number of substitutions.
3.2. Silencing activity of anti-MDR1 siRNAs with destabilized centers
The silencing activity of the conventional siRNAs and siRNAs
with substitutions was measured by their ability to inhibit the
expression of chimeric EGFP/MDR1 gene in HEK 293 cells. siRNAs
at concentrations ranged from 10 to 100 nM and the recombinant
plasmid pEGFP/MDR1 were co-transfected in HEK 293 cells and
relative knockdown of EGFP/MDR1 gene expression was assessed
24 h post-transfection by ﬂow cytometry (Fig. 1). The gene silenc-
ing activity of siE achieved 70% at siRNA concentration 100 nM,
and the calculated IC50 (half inhibitory concentration) for this siR-
NA was 18.5 nM (Fig. 1). Introduction of three or four G? A substi-
tutions in the sense strand resulted in the decrease of RNAi
efﬁcacy: IC50 for siE/3AC and siE/4AC were found to be 71.5 and
49 nM, respectively. However, the silencing effect caused by these
siRNAs at concentration 100 nM was similar to that of siE: 66% and
75%, respectively. siRNAs siE/3GU and siE/4GU were more active
than conventional siE: the maximum inhibitory effect: 83% and
79%, respectively was observed at 100 nM concentration of these
siRNAs. siE/3GU was found to be the most active among siRNAs
that underwent the study: 70% silencing was achieved at a concen-
tration of 50 nM, whereas silencing effects at low concentrationsand IC50 (22.5 nM) were comparable to these parameters of siE.
The inhibitory effect of siE/4GU at concentrations 10–50 nM was
signiﬁcantly lower than the effect of siE. Introduction of three
nucleotide substitutions in the antisense strand of the siE, resulting
in formation of GA mismatches, substantially decreased the silenc-
ing activity: 50% silencing was observed at 100 nM (Fig. 1). The
gene silencing activity of siA achieved only 25% at siRNA concen-
tration 100 nM, the introduction of three C? U substitutions in
the antisense strand resulted in the increase of RNAi efﬁcacy:
45% silencing observed at concentration 100 nM, three C? U sub-
stitutions in the sense strand increased the silencing effect up to
55% at the same concentration (IC50 87 nM). Similar results were
obtained for siC: three C? U substitutions in the antisense strand
resulted in the increase of the silencing activity: the calculated IC50
decreased from 90.5 to 75 nM. On the contrary, the introduction of
GU pairs in siB displaying high silencing activity (IC50 <10 nM) de-
creased the silencing affect at low concentrations.
3.3. Suppression of P-glycoprotein synthesis by selectively 20-O-methyl
modiﬁed siRNAs with destabilized centers
To assess the ability of siRNAs with a destabilized central part of
the duplex to inhibit the endogenous gene, we examined the
silencing activity of the siRNAs in drug resistant KB-8-5 cancer
cells. These cells over-expressing MDR1 gene are able to grow in
the presence of 300 nM of vinblastine. The cells were transfected
with 100 nM siRNA and 72 h post-transfection the level of P-glyco-
protein was analyzed by Western blotting. The time point for the
analysis was selected taking into account the P-glycoprotein half-
life (48–72 h [21]) and the presence of vinblastine in the culture
medium, since a reduction in the level of P-glycoprotein leads to
cell death after longer incubation. b-Actin protein level in the same
sample was used for data normalization.
We found that the most efﬁcient reduction of the P-glycopro-
tein level (up to 70%) was induced by siE/3GU (Fig. 2). Its silencing
activity was 2.3 times higher than the silencing activity of conven-
tional siE (30% silencing). The silencing activities of siE/4AC and
siE/3GA were comparable to that of siE: 34% and 25% P-glycopro-
tein level reduction, respectively. siE/4GU and siE/3AC were sub-
stantially less active than conventional siRNA: 12% and 5%
silencing was observed, respectively (Fig. 2).
4. Discussion
The central part of the siRNA duplex is very sensitive to mis-
matches [15,16,22–26], but we supposed that destabilization of
this region via the introduction of nucleotide substitutions, result-
ing in the formation of mismatches or non-canonical base pairs,
could increase the silencing activity of siRNAs. The inﬂuence of
mismatches on siRNA silencing activity is position-depended, since
siRNA strands are functionally non-equivalent: the sense strand
(‘‘passenger’’) is eliminated from the duplex at the step of siRNA
unwinding; whereas the antisense strand (‘‘guide’’) is involved in
sequence-speciﬁc recognition of mRNA-target [8,15,27]. Therefore
the nucleotide substitutions in the sense strand could be less det-
rimental for siRNA activity than substitutions in the antisense
strand [22–24,28,29]. Recent research has revealed that destabili-
zation of the siRNA duplexes by single-nucleotide mismatches or
by formation of non-canonical single-base pairs involving chemi-
cally modiﬁed analogs of nucleotides in 9–12 positions from the
50-end of the sense strand resulted in the increase of siRNA activity
[22].
In this study, we optimized the structure of anti-MDR1 siRNA
siE by introducing mismatches to destabilize its central region,
and subsequently investigated the inﬂuence of the nucleotide sub-
stitutions upon its silencing activity. Substitutions A? G in this
Fig. 1. Silencing activity of selectively 2’-O-methyl modiﬁed siRNAs with destabilized central parts of the duplexes and conventional siRNA targeted to MDR1 mRNA. siRNA
(10 – 100 nM) and recombinant plasmid pEGFP/MDR1 were co-transfected into HEK 293 using Lipofectamine 2000. The mean intensities of EGFP ﬂuorescence were
determined by ﬂow cytometry, in each sample 20,000 events were analyzed. Mean values (±SD) from three independent experiments are presented.
Fig. 2. P-glycoprotein levels in KB-8-5 cells treated with anti-MDR1 siRNAs. (A)
Representative Western blot showing the inﬂuence of 100 nM siRNA on p-
glycoprotein levels 72 h post transfection, human b-actin protein is used as an
internal control. (B) Quantitate analysis by GelPro 4.0 program. Mean values from
three independent experiments are presented.
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resulting siRNAs, siE/3AC and siE/4AC, inhibited both the EGFP/
MDR1 gene expression and P-glycoprotein synthesis less efﬁciently
than siE. Apparently, the conformational distortions are more deci-
sive for RNAi efﬁcacy (acting probably at the step of RISC assembly)
than the thermodynamic stability of the duplex. On the other hand,
the least stable siE/4AC (Tm 59 C) was more active than siE/3AC
(Tm 63 C). The data support the suggestion that facilitation of
the duplex unwinding by destabilization increases the efﬁciency
of the antisense strand incorporation in RISC.In order to examine whether complete complementation be-
tween the antisense strand and the mRNA-target is crucial for
RNAi, we investigated the silencing activity of siRNA with three
GA mismatches located at positions 7–9 of the sense strand. siE/
3GA was virtually as stable as siE/3GU (DTm 1.5 C). However,
the silencing activity of this siRNA was substantially lower when
compared with the activity of siE/3GU, siE or siE/4GU.
To minimize the conformational changes and to destabilize the
siRNA duplex simultaneously, we introduced GU wobble pairs in
its central part. GU wobble pairs present in natural RNAs andmain-
tain their folding in functional structure [30,31]. Due to the forma-
tion of two hydrogen bonds, GU pairs being less stable than
Watson-Crick’s AU pairs do not disturb the conformation of the du-
plex [31]. It is known that the complementation of the antisense
strand to target mRNA (especially, in the central part) is crucial
for effective RNAi [24,28,29,32]. It was shown in [33] that single
nucleotide substitution in position 7 of the antisense strand was
successfully tolerated, whereas substitutions of nucleotides 8–11
of the antisense strand signiﬁcantly decreased siRNA silencing
activity or blocked it [23,28,29,33]. In our study siRNAs siE/3GU
and siE/4GU had the nucleotide substitutions at positions 7–9
and 7–10, respectively (Table 1). We considered that wobble pairs
could be better tolerated by RNAi machinery than mismatches. As
expected, the silencing activity of siE/3GU and siE was virtually
similar at 10 and 20 nM concentrations. However, at high concen-
trations siE/3GU inhibited expression of both EGFP/MDR1 gene and
P-glycoprotein more effectively than siE. This fact is in compliance
with the suggestions made by Khvorova et al. [9] that the unstable
central part of the siRNA duplex facilitates the RISC rescue after
mRNA cleavage and/or increases the mRNA cleavage efﬁcacy due
to the enhanced ﬂexibility of the duplex. However, the least stable
siRNA with four GU wobble pairs in the central part of the duplex
was less active at low concentrations than conventional siE. In all
likelihood, the thermodynamic instability of the duplex or the
modiﬁcation of position 10 of the siE/4GU antisense strand acts
as a negative factor in this case. Thus, the partial complementation
of the central part of the antisense strand to mRNA target may be
tolerable, on the conditions that the substitutions do not cause
2356 N.S. Petrova et al. / FEBS Letters 585 (2011) 2352–2356signiﬁcant destabilization of the duplex and do not involve the cru-
cial for RNAi sites. The data obtained for siRNAs targeted different
sequences in MDR1 mRNA supports our conclusions: siA/3GU, siA/
3UG and siC/3GU were more active at high concentrations than
their conventional precursors siA and siC, but in the case of highly
active siB and siB/3GU destabilization of the duplex reduced the
activity at low concentrations. It should be noted, that siC/3GU
was less active at low concentration than its conventional precur-
sor, possibly the number of substitutions is not optimal for this
siRNA.
The obtained data revealed that destabilization of the central
part of siRNA duplex by mismatches may be applied to increase
the silencing activity of siRNA with low or moderate activity; how-
ever the balance between its conformational and thermodynamic
properties is required. The data demonstrated that the introduc-
tion of GU wobble pairs in the central part of the duplex can be
used for optimization of siRNA structure.
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